Introduction {#Sec1}
============

The recent advances in assisted reproductive technology such as hormonal stimulation, IVF, and ICSI have made it possible to circumvent many causes of male and female infertility \[[@CR1]\]. However, since surrogacy is not approved in many countries due to legal, ethical and religious issues \[[@CR2]\], pregnancy and delivery are not possible for women who undergo hysterectomy at a young age for malignant uterine tumors \[[@CR3]--[@CR5]\] and benign diseases such as myoma or adenomyosis \[[@CR6]\], patients with massive blood loss after delivery and not in those with congenital uterine infertility, such as Mayer-Rokitansky-Küster-Hauser (MRKH) syndrome \[[@CR7], [@CR8]\], in whom the uterus and vagina are absent. This inability to bear children may greatly reduce the quality-of-life of young women. Reconstruction of fecundity by uterine transplantation was attempted in Saudi Arabia in 2002 \[[@CR9]\], but necrosis of the graft occurred 99 days after surgery and the attempt failed. No uterine transplantation in humans has been reported thereafter.

There have been marked advances in organ transplantation techniques, microvascular anastomosis techniques and immunosuppressants, with many cases of pregnancy and delivery after organ transplantation reported \[[@CR10]\]. Nonvital allografts such as the hand and face have recently been reported \[[@CR11]\], but uterine transplantation remains controversial. Transplantation of female internal genital organs was attempted by fallopian tube transplantation in the 1970s \[[@CR12], [@CR13]\], but this approach disappeared after the success of IVF. Thereafter, research in reproductive organ transplantation like ovaries has continued.

Uterine transplantation experiments have been performed in various animal species, such as the mouse \[[@CR14]\], the rat \[[@CR15], [@CR16]\], the pig \[[@CR17], [@CR18]\], the sheep \[[@CR19]\] and the baboon \[[@CR20]\], but these have not led to successful clinical applications as a treatment for permanent uterine factor infertility in humans. The ethical guidelines established by the International Federation of Gynecology and Obstetrics (FIGO) describes that uterine transplantation, which may reach human clinical experimentation stage, should only occur after significant and adequate research in appropriate large animal models, including primates \[[@CR21]\]. Recently, reports on uterine auto-transplantation in the baboon and allogeneic uterine transplantation in the rhesus macaque were presented \[[@CR9], [@CR20], [@CR22]\]. It is important to achieve success in primates before a second human uterine transplantation is attempted, because their uterine anatomy and reproductive physiology closely resemble that of the human \[[@CR23]\]. Moreover, cynomolgus monkeys breed and deliver offspring throughout the year, which is consistent with human reproduction.

This study prepared a uterine auto-transplantation model in cynomolgus monkeys, with the goal of establishing a fecundity reconstruction technique. This report presents the results of those experiments, focusing on the surgical procedure of auto-transplantation in cynomolgus monkeys.

Materials and methods {#Sec2}
=====================

Animals {#Sec3}
-------

Two female cynomolgus monkeys with regular menstrual cycles with length generally 29.4 ± 4.3 days were used in this experiment. The cynomolgus monkeys belong to the Macaca (Cercopithecidae) family. This species was originally distributed in south-east Asia, including the Philippines, Sumatra, and Java, and was artificially introduced and settled in Hong Kong, Irian Jaya, Palau, Mauritius, and Samoa. The body size varies among subspecies, and the body and tail lengths are 38--55 cm and 40--65 cm, respectively, in adults. The body weight is 5--9 kg in males and 3--6 kg in females, about one-tenth of those of humans. The cynomolgus monkey of Case 1 was 6 years of age and the body weight was 3.56 kg. That of Case 2 was 5 years of age and 4.21 kg. The animal experiments in this study were performed after approval by the Ethics Committee of the experimental facility.

Anesthesia {#Sec4}
----------

The animals were sedated with atropine sulfate (0.02 mL/kg intramuscular injection) and ketamine hydrochloride (0.1--0.2 mL/kg intramuscular injection in a 50 mg/mL aqueous solution), the abdominal regions were shaved and the animals were positioned in the supine position. The abdominal region was disinfected with 70% ethanol and iodine tincture and covered with sterilized drapes. A tracheal tube was inserted and the anesthetic was maintained with isoflurane inhalation (0.5--1.0%).

Excision of the uterus {#Sec5}
----------------------

All surgical procedures were performed using sterile techniques and the surgeons used surgical loupes. A midline incision from the pubic bone up to the level of umbilicus was performed. The intestines were packed into the upper abdomen.

The anatomical characteristics of the internal genital organs of the cynomolgus monkeys are similar to those of humans (Fig. [1](#Fig1){ref-type="fig"}a), and the vascular and ureteral distribution is very similar to that of humans. The ureter crosses the uterine artery on the dorsal side and reaches the urinary bladder (Fig. [1](#Fig1){ref-type="fig"}b). The round ligament was processed, and the broad ligaments of the uterus and retroperitoneum were exposed. The blood vessels and ureter were dissected, the vesico-uterine ligament was cut and tied, vascular pedicles were prepared, the paracolpium was processed, the vaginal canal was incised, and the uterus was excised. The ovaries and ovarian ducts were not excised, and only the uterus was excised. Orthotopic uterus retrieval requires the excision of the uterus including the connected blood vessel pedicles and vagina wall together, not in the same way as in a simple total hysterectomy.Fig. 1Anatomical characteristics of the inner genital organs of cynomolgus monkey. The uterus, ovaries, fallopian tubes, round ligament, and urinary bladder are shown (**a**). The anatomical characteristics of the inner genital organs are almost the same as those in humans. The ureter crosses the uterine artery and vein on the dorsal side, as in humans (**b**)

Selections of vascular grafts {#Sec6}
-----------------------------

The vascular anatomy of the internal genital organs of the cynomolgus monkeys resembles that of the human female (Fig. [2](#Fig2){ref-type="fig"}). The vessels associated with blood flow in the uterus are the uterine arteries, superficial uterine veins, deep uterine veins, ovarian arteries and veins (Fig. [3](#Fig3){ref-type="fig"}a). The vessels, except for the ovarian arteries and veins, were selected as vascular grafts because the utero-ovarian ligaments were cut and tied bilaterally to preserve the ovaries and tubes. The deep uterine vein of the cynomolgus monkeys differs from that of the human, and is found in a deeper region of pelvis than the uterine artery and flows to the external iliac vein. The deep uterine vein could not be identified in Case 1, therefore the internal iliac arteries, uterine arteries and the superficial uterine veins were selected as vascular grafts. The deep uterine veins that run in the deep region of pelvis were identified in Case 2, and the uterine arteries and deep uterine veins were selected as vascular grafts.Fig. 2Relationship between the uterus and uterine blood vessels. The main uterine artery branches from the internal iliac artery (*IIA*) and divides into the ascending and descending branches. The ascending branch feeds the uterine body and joins the ovarian artery. The descending branch extends to the paracolpium. The superficial uterine vein (*SUV*) is located along the uterine artery (*UA*). The deep uterine vein (*DUV*) connects to the external iliac vein (*EIV*) in the cynomolgus monkey. The ureter is located along the uterine artery on the dorsal side and reaches the urinary bladderFig. 3Uterus excised with the vaginal wall. Uterus was connected only via the bilateral uterine arteries and superficial uterine veins in Case 1 (**a**). The front side of the uterus excised with the vascular pedicles and the vaginal wall (11 mm anterior and 14 mm posterior) in Case 2 (**b**). *UC* uterine cervix

Excision of the vaginal wall {#Sec7}
----------------------------

The vaginal wall is minimally included in the excised uterine body in a simple total hysterectomy. To include the abundant vaginal wall in the procedure, the excision requires performance of a semi-radical hysterectomy, or a radical hysterectomy. Inclusion of the abundant vaginal wall also requires ureteral dissection and processing of the vesico-uterine ligament and cardinal ligament, thereby increasing surgical stress. The vaginal tract was cut at a shallower part in Case 1, in contrast to the deep uterine vein, and the uterus together with the vaginal wall was excised. It was cut at a deeper part in contrast to the deep uterine vein in Case 2 because the deep uterine veins were selected as vascular pedicles, which required processing of the surrounding tissue in the deep region of pelvis. Consequently, a longer vaginal wall (14 mm) was excised in Case 2 than that (6 mm) in Case 1 (Fig. [3](#Fig3){ref-type="fig"}b).

Back-table preparation {#Sec8}
----------------------

The uterus was transferred to a back-table while the arteries and veins were clipped. The weight of the uterus was about 10 g in each case. The fluorinated plastic outer needle (outer diameter: 0.74 mm, inner diameter: 0.52 mm) of a 27G needle for venous placement was inserted into the uterine artery under a stereoscopic microscope at a magnification of 20×. The outer needle was connected to a 1-cc syringe filled with heparinized saline. The region of the uterine artery in which the outer needle was inserted was clipped using a clip for cerebral aneurysm (Sugita clip, Mizuho Co., Japan) to prevent the outer needle separating from the artery during perfusion. Fifty 1-cc syringes were prepared, and the uterus was perfused by sequentially attaching the 50 syringes to the outer needle to avoid thrombus formation. Consequently, the uterine color changed from reddish to whitish after perfusion (Fig. [4](#Fig4){ref-type="fig"}). The vaginal stump and retroperitoneum were closed to mimic a donor-side operation of future heterogeneous uterine transplantation. The uterus was kept on ice slush until it was transferred to surgical field.Fig. 4The uterus before (**a**) and after (**b**) perfusion with heparinized saline via the uterine artery on the back-table. Blood components were washed out and the whole uterus became *whitish* in color

Uterine auto-transplantation {#Sec9}
----------------------------

The closed retroperitoneum was opened, and the vaginal stump was localized in the surgical field by inserting a suction tube via the vagina and opening (Fig. [5](#Fig5){ref-type="fig"}a), as they would be in a heterogeneous uterine transplantation. The uterus that had been perfused with heparinized saline was transferred to the surgical field from the back-table. The vaginal wall of the excised uterus was anastomosed with the vaginal stump, using the prosthetic valve-suturing technique used in cardiac valve replacement (Fig. [5](#Fig5){ref-type="fig"}b). Vascular anastomosis was performed using supermicrosurgery, advanced vascular anastomosis technique, in which 1 mm or thinner uterine arteries and veins can be anastomosed \[[@CR24]\]. The right internal iliac artery of the donor uterus in Case 1 was end-to-end anastomosed with that on the recipient side (diameter: 1.0 mm) and the right superficial uterine vein was end-to-end anastomosed with the superficial vesical vein (diameter: 0.9 mm) using interrupted sutures (11-0 nylon; Johnson & Johnson). The superficial vesical vein was used because the right superficial uterine vein was crushed on the pelvic wall side, and the vein on the vesical surface was used as a flap. One artery and one vein were used for perfusion of the uterus in Case 1. The bilateral uterine arteries of the donor uterus in Case 2 were end-to-side anastomosed with the bilateral external iliac arteries (diameter: 0.7 mm each) using interrupted sutures (11-0 nylon; Johnson & Johnson). The bilateral deep uterine vein was end-to-side anastomosed with the bilateral external iliac vein (diameter: 0.6 mm) using interrupted sutures (11-0 nylon; Johnson & Johnson) (Fig. [6](#Fig6){ref-type="fig"}a). Two arteries and two veins were used for perfusion of the uterus in Case 2 **(**Fig. [6](#Fig6){ref-type="fig"}b). The retroperitoneum and round ligament were attached to fix the uterus to the pelvis. The retroperitoneum was sutured mainly in the vesicouterine and Douglas pouches, but not close to the anastomosed blood vessels. This was followed by round ligament restoration by anastomosis between the round ligament stumps on the pelvic and uterine sides, and the abdomen was closed after ensuring an absence of problems in the abdominal cavity. After the surgery, antibiotics and analgesics were given.Fig. 5A suction tube was inserted via the vagina; the vaginal stump was identified in the abdominal cavity and opened (**a**). The vaginal wall and stump were sutured using four or five stitches each in the anterior and posterior regions using 4-0 PDS (**b**)Fig. 6The right deep uterine vein (RDUV) was end-to-side anastomosed with the right external iliac vein (REIV) (**a**). Illustration of uterine auto-transplantation in a cynomolgus monkey (**b**). *SUV* superficial uterine vein, *UA* uterine artery, *DUV* deep uterine vein, *EIAV* external iliac artery and vein

Management after operation {#Sec10}
--------------------------

The animals' general condition and the laparotomy wound were assessed every day. Periodical menstruation was confirmed, and endometrial thickness was inspected by transabdominal ultrasonography. Case 2 underwent a second-look laparotomy at 40 days post-operatively to confirm the engraftment of the uterus. The anesthesia used was identical to that used for primary surgery.

Results {#Sec11}
=======

Surgical parameters {#Sec12}
-------------------

The uterine auto-transplantation of the two cynomolgus monkeys were attempted at different times. Case 1 was conducted with an inspection of anatomical characteristics of the inner genital organs. The total time of anesthetization and surgical operation in Case 1 and 2 was 14 h 30 min and 13 h, respectively. The prolonged operation time was required because the organs and blood vessels were far smaller than those in humans. The bleeding volume was small in each case. The time required to excise the uterus was 7 h 45 min and 5 h 19 min, respectively. The operation time could be shortened in Case 2 because of the experience gained during Case 1. The back-table preparation time was 49 and 32 min, respectively. The blood vessel anastomosis time was 3 h 55 min, and 4 h 42 min, respectively. More time was required in Case 2 because the deep uterine vein was identified in the deep region of pelvis and used for anastomosis of the blood vessels, which was technically more difficult. In addition, two arteries and two veins were anastomosed in Case 2, in comparison to one each in Case 1. The total warm ischemic period lasted for 5 h 7 min and 5 h 32 min, respectively.

Surgical findings {#Sec13}
-----------------

Pulsations of uterine arteries and capillary refill of the serosal surface of the uterus were observed after vascular anastomosis and removal of the vascular clamps. The uterine color recovered after vascular anastomosis, but uterine congestion was observed in Case 1 in comparison to the uterus in Case 2 (Fig. [7](#Fig7){ref-type="fig"}).Fig. 7The uterine color recovered after vascular anastomosis, but uterine congestion was noted in Case 1 (**a**) in comparison to the uterus in Case 2 (**b**)

Postoperative progress {#Sec14}
----------------------

The cynomolgus monkey in Case 1 developed anuria and died due to acute renal failure 2 days after the operation. A small volume of hematoma was observed around the uterus, but it is not believed that death was caused by imperfect anastomosis. The pathological findings of uterus showed normal erythrocytes in the blood vessels, but there was neither fibrin coagulation nor thrombus in the vessel. The ureter was not enlarged, and the possibility that the cynomolgus monkey had post-renal failure was rejected. The reason for its death may be related to acute renal failure due to the effects of the time consuming operation.

Case 2 was in good general condition with appetite, urination, and defecation. Second-look laparoscopy 40 days after the operation confirmed the engraftment of the uterus. The uterus could not be exposed because of extensive adhesion between the rectum, sigmoid colon and small intestine. Therefore, an abdominal section along the previous operation wound was attempted. The intestinal adhesion was separated and the uterus was exposed. No congestion was observed in the uterus, which had the characteristic red color of a normal uterus (Fig. [8](#Fig8){ref-type="fig"}). This confirmed the engraftment of the auto-transplanted uterus. The anastomosed blood vessels could not be inspected because of extensive intestinal adhesion. The endometrial thickness was inspected periodically by transabdominal ultrasonography, and endometrial proliferation was observed. Periodical menstruation was confirmed on 139 days after operation, and thereafter, the monkey remained in good general condition.Fig. 8Second-look laparotomy inspection in Case 2. There was no congestion in the uterus, and it had the characteristic *red* color of a normal uterus. *Ut* uterus

Discussion {#Sec15}
==========

We performed experimental uterine auto-transplantation in two cynomolgus monkeys. Hysterectomy was similar to the procedure used in humans because the anatomy in the pelvis was almost the same as that in humans. However, prolonged operation time was required because the organs and blood vessels were far smaller than those in humans.

A vascularized uterus with the vaginal wall is required for uterine transplantation because pregnancy cannot be achieved after non-vascularized uterine auto-transplantation in rhesus monkeys \[[@CR25]\]. Therefore, the selection of vascular grafts is important for uterine perfusion. Previous studies have assessed the uterine blood supply and perfusion with uterine and ovarian vessels \[[@CR26]--[@CR29]\].

The main feeder arteries of the uterus are the uterine and ovarian arteries, which branch from the internal iliac artery and the aorta, respectively. Blood flow was supplied only by the uterine artery in this experiment. The uterine artery is present on bilateral sides, but a unilateral artery may be sufficient to supply blood flow to the uterus, although this is uncertain for the uterus during pregnancy. Preparation of a vascular flap with the inferior epigastric artery may be required if the vascular pedicle length is insufficient. The uterine artery is not dissected or excised in a simple total hysterectomy, but this procedure with a uterine arterial pedicle is relatively straightforward because the uterine artery is located in a fairly shallow site in the pelvic cavity.

The uterine venous system is mainly composed of the superficial and deep uterine veins and the ovarian veins. Maintenance of the venous circulation is very important to avoid uterine congestion, thrombus formation, and subsequent uterine necrosis. There was a marked difference in the reconstruction of the venous system between the two procedures because the deep uterine vein was used as a vascular pedicle in Case 2. The human deep uterine vein is located in the deep pelvic region, deeper than the superficial uterine vein. It is thick and participates in the constitution of the cardinal ligament. This vein was also present deep in the pelvic cavity of the cynomolgus monkey. The transplanted uterus in Case 2 had a favorable uterine color after vascular anastomosis in comparison to that in Case 1, suggesting the importance of the deep uterine vein for venous circulation in the uterus to prevent congestion. Therefore, a donor uterus vascularized by the deep uterine vein may be desirable to prevent congestion if uterus transplantation is performed in humans. The excision of this vein as a vascular pedicle increases the difficulty of the surgery and makes the procedure more invasive because the vein is located in the deep region of pelvis and can only be reached via processing of the surrounding tissues. Preparation of a vascular flap with the inferior epigastric vein may be used when the vascular pedicle length is insufficient, with care taken to avoid congestion due to vascular twisting.

The need for inclusion of the vagina in uterine transplantation is questionable. Vaginal reconstruction may be necessary because it is the excretory pathway of uterine secretions, including menstruation, and the vagina supports the uterus in the pelvis. Furthermore, the vagina allows direct external access to the intrauterine region, which enables endometrial biopsy, transvaginal ultrasonography, embryo transfer, and sexual activity, increasing the possibility of natural pregnancy.

The uterine transplantation procedure in recipients consists of anastomosis of the vaginal canal with the vascularized donor uterus and vaginal wall, vascular anastomosis, and restoration of the round ligament and retroperitoneum. The main uterus-supporting ligaments are the round ligament, vesicocervical ligament, cardinal ligament, and uterosacral ligament in humans. Uterine transplantation in a recipient may require fixation of the grafted uterus in the pelvic cavity because the mobility of the uterus in the pelvic cavity may cause twisting of the anastomosed blood vessels. In a radical trachelectomy, the uterine cervix is excised after cutting all the ligaments, and the uterine body is anastomosed to the upper vaginal cuff \[[@CR30], [@CR32]\]. Pregnancy and delivery are possible when only the round ligament is restored, but ligament restoration, anastomosis with the vaginal wall and suture of the broad ligament are important for fixation of the grafted uterus to the pelvis.

Hysterectomy that differs from the low-invasive simple total hysterectomy is necessary to prepare the deep uterine vein for grafting. The procedure comes close to a radical hysterectomy because the processing of surrounding tissues to the depth of the deep uterine vein is required and the resection length of the vaginal wall is elongated. Therefore, a 14-mm vaginal wall was excised in Case 2. Blood loss also increases and the operation time is prolonged in a radical hysterectomy. Moreover, dysuria may occur due to ureteral and urinary bladder injury or pelvic nerve plexus and hypogastric nerve injury. All of these factors increase the invasiveness of the procedure. Therefore, living donor uterine transplantation may carry a risk of complications that reduce the postoperative quality-of-life of the donor. Sufficient explanation of this risk will be necessary for obtaining informed consent.

Vascularized uterine auto-transplantation in primates other than humans has previously been reported in baboons, which are used as a model because the anatomy of the uterus is similar to that of humans: the uterine cervix is linear and endometrial sampling, embryo transfer, and hysteroscopy can easily be performed \[[@CR23], [@CR33]\]. The uterine cervix is bent in cynomolgus monkeys, and making an approach via the cervical canal is difficult. Consequently, embryo transfer is performed via a fallopian tube or muscle layer through the uterine wall in many cases \[[@CR31], [@CR34]\]. Embryo transfer in the current model would have to be performed via the muscle layer through the uterine wall because the bilateral fallopian tubes were resected. Therefore, a procedure for conservation of the fallopian tubes in the transplanting uterus should be investigated to maintain the choice of laparoscopic trans-fallopian tube embryo transfer. IVF and embryo transfer would be performed in this uterine auto-transplantation model in an attempt to achieve pregnancy and delivery.

Even if uterine auto-transplantation model in cynomolgus monkey is established technically, there are clearly many problems other than surgical techniques to overcome in heterogeneous uterine transplantation or on the assumption of clinical application in humans. These include ischemia--reperfusion injury, immunosuppression, rejection reactions, evaluation of the grafted uterus, and management of pregnancy and delivery. Further investigation of these problems and accumulation of relevant basic data will be required for establishment of a uterine transplantation model in primates.

Experimental reproductive organ transplantation and cryopreservation have been successful in animal models as well as in humans for fertility treatment. Regarding the uterus cryopreservation, there has been a recent report that uterus cryopreservation improves the availability of uterus for transplantations purposes in the future \[[@CR35]\]. Long-term preservation of uterus can, therefore, be important not only for restoring fertility, but also for transplantation surgery.

In conclusion, uterine auto-transplantation experiments were performed in cynomolgus monkeys. To establish an experimental model of uterine transplantation in non-human primates may be possible using the developing new surgical techniques described in this article, but many other problems remain to be overcome. Therefore, accumulation of basic experimental data in uterine transplantation studies using primates is required prior to the performance of the procedure in humans.
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